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Abstract
Self-assembled monolayers (SAMs) are short (nanometer-size) organic chains termi-
nated by functional groups that can be selected to tailor the electrical, thermal and/or
mechanical properties of interfaces. In this thesis, we investigate how the presence
of SAMs affects the failure properties of gold film/silicon/fused silica substrate in-
terfaces. In particular, we study how the presence of SAMs affects (i) the spallation
strength and (ii) the fracture toughness of the interface. The modeling work sum-
marized in this thesis is motivated by previous results of molecular dynamic (MD)
simulations and laser-induced spallation/delamination tests to quantify the strength
and toughness of SAM-enhanced interfaces. Though the results obtained from MD
simulations and experimental observations yielded similar trends in comparing the
contribution of various SAMs, their actual values were off by significant amounts.
The research presented in this dissertation involves the development of continuum-
level numerical models to analyze the dynamic spallation and delamination events
to fill the gap between MD simulations and experimental results.
In the first part of the thesis, a continuum-level study is performed to investigate
the influence of surface roughness on the cohesive strength of the interface between
a fused silica/SAM substrate and a transfer-printed gold film. We approximate the
film as a deformable continuum interacting with a rough substrate of SAM. Using
the cohesive law predicted by MD, spallation is simulated to evaluate the effective
traction-separation characteristics for the rough SAM-gold interface. The separation
attributes based on roughness parameters and material properties of gold film are
ii
observed. The dependence of the interfacial cohesive strength of SAM-enhanced
interface on incorporating roughness and the thin film properties is studied.
In the laser-induced delamination test, the interface fracture energy is computed
by assuming all of the kinetic energy imparted into the weak adhesion layer of the
film is converted into fracture energy. However, part of this effective interface frac-
ture toughness is associated with plastic deformations in the film. To quantify the
plasticity contribution to the effective fracture toughness of the SAM-enhanced in-
terface, we perform an implicit finite element numerical analysis of the dynamic
delamination event that incorporated both large deformation and plasticity effects.
Cohesive elements whose failure law is derived from MD simulations are introduced
along the interface to simulate the failure initiation and debonding process. The
amount of dissipated plastic energy is quantified and the film profile is depicted de-
pending on the properties of the thin film and the interfacial attributes. The model
is validated with experimental measurements of the crack propagation length, profile
of the debonded thin film, and interfacial fracture energy.
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Chapter 1
Introduction
Self-assembled monolayers (SAMs) are aggregates of small molecular chains formed
spontaneously by chemical adsorption of active surfactants in an organic solvent on
a solid substrate. The monolayers are usually closely packed and have a highly or-
dered structure. SAMs consist of three building blocks: a head functional group that
defines the affinity to the substrate, a tail functional group that establishes the outer
layer of the film, and a short nanometer-range hydrocarbon chain that connects the
head and tail groups. Examples of this formation include the widely used alkanethiol
chains on gold surfaces [4][5]. These ultra-thin layers, often less than 2nm thick, are
quite robust both chemically and thermally. As surface modifiers, SAMs can have
many attractive features based on the choice of their functional groups, especially
for applications associated with molecular ordering, growth, wetting, adhesion, lu-
brication and corrosion [6][7].
The primary focus of this thesis is on the application of SAMs in the molecular
tailoring of film/substrate interfaces, with emphasis on the mechanical properties of
SAM-enhanced film/substrate interfaces. The sheer number of commercially avail-
able SAMs, the ability to modify the head and functional groups of these SAMs
and/or the possibility of combining SAMs present a formidable challenge regarding
the selection of SAMs for optimal mechanical performance of interfaces. This project
seeks to elucidate the complex relationships between the molecular scale surface func-
tionalization, the mesoscale surface characterization, and the macroscale interfacial
adhesion and fracture for selected SAMs. In particular, we model through multiscale
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numerical analysis the effects of interface roughness and thin film plasticity on the
interfacial strength and toughness of SAM-enhanced thin film/substrate systems.
1.1 Overview of SAM interfacial properties and
testing techniques
The properties of SAM-enhanced interfaces have stimulated extensive research in
the past few decades. The chemical properties of SAM terminal groups were studied
and examined to produce bio-compatible interfaces [8][9]. In these studies, synthetic
interfaces with possible extensions and spreading of biological cells in different direc-
tions based on chosen SAM functional groups were produced and examined. Losego
et al. [10] looked at the effects of chemical bonding on heat transport across SAM in-
terfaces. They found that the nature of the bond between the SAMs and the adjacent
solid layers has a major impact on the heat conductance of the interface. In a later
study, Tian et al. [11] examined the SAM-enhanced solid-liquid interface and showed
that a stronger bonding in the SAM-system causes an improved thermal transport
across the solid-liquid interface. Researchers have also studied SAMs for interfacial
electrical transport to substrate through different functional groups [12][13].
Figure 1.1: Schematic of laser-spallation setup. (Taken from [1].)
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The use of SAMs to alter interfacial mechanical properties has been investigated
on the molecular scale using scanning force microscopy (see the review by Goertz and
Moore [14]). Related studies include the work of Bush et al. [15], who measured the
elastic modulus, work of adhesion and interfacial shear strength of methyl-terminated
alkylsilane SAMs through scanning probe normal and lateral force measurements.
Houston and coworkers [16][17][18] measured differences in frictional behavior of
alkanethiol monolayers due to different end group chemistries and chain lengths.
Liechti et al. [19] developed a high-vacuum facility to study the interfacial toughness
between silicon surfaces and carboxyl/diamine terminated SAMs, and compared their
different behavior under vacuum and ambient conditions. Li et al. [20] examined the
adhesion, friction and water contact angle of SAM-modified titanium substrate.
The modeling work presented in this thesis is motivated by laser-induced spalla-
tion and delamination tests performed by Martha Grady and Jaeuk Sung in Professor
Sottos’ group at the University of Illinois on gold film/silicon/fused silica substrate
systems whose interface has been enhanced by SAMs [21][22][23]. These two tests
are based on dynamically loading the film/substrate interface with a laser-induced,
high-amplitude acoustic pulse[24][25]. In the case of the spallation test, a nearly 1D,
compressive, longitudinal wave is generated on the back side of the substrate and
propagates through the substrate towards the film/substrate interface (Fig. 1.1).
When it reaches the free surface, the wave is reflected as a tensile wave and loads the
interface in tension, leading to its failure. The amplitude of the interfacial stress at
failure can be computed using a simple 1D elastodynamic wave propagation model
[26][27].
In the laser-induced delamination tests, the interface is divided into a weak ad-
hesion layer and a strong adhesion layer. The pulse laser is aligned to the edge of
the gold film over the weak adhesion layer. When the traction stress generated by
the laser-induced pulse exceeds the interfacial strength of the weak adhesion layer,
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it generates a debonded pre-crack along the interface (Fig. 1.2). The crack then
propagates along the interface and the kinetic energy trapped in the weak adhesion
layer is converted into fracture energy. Using a simple energy-balance equation, the
fracture energy of the strong adhesion layer can be calculated as:
Ef =
a0
af − a0K, (1.1)
where a0 is the length of the pre-crack region, af is the final delaminated length
of the thin film, and K is the kinetic energy imparted to a unit area of the weak
adhesion layer by the laser-induced stress pulse.
1.2 Overview of computational models
Owing to the small size and structured feature of SAMs, molecular dynamics (MD)
simulations have been used to study the interfacial mechanical properties of SAM-
modified interfaces. Gerdy and Goddard predicted the structure and tilt angles of
SAMs of alkanethiols on gold [28]. Zhang et al. [29] performed ab initio quantum
chemical calculations of alkanethiols on Au(111) and used the force field to perform
MD simulations to study the superlattice structures of alkanethiol SAMs on Au(111)
for various chain lengths over a range of temperatures. Wu et al. [30] examined the
sliding friction behavior of SAM under non-flat contact. Fang et al. [31] modeled
nanoindentation of SAM-enhanced gold film and observed the deformation and en-
ergy transform in the process. Jia et al. [32] studied the stability of gold/SAM/epoxy
resin interfaces with different monolayer chain lengths. In more recent studies, Fang
and coworkers utilized a combination of united-atom and all-atom force fields in
their MD simulations of nano-indentation on alkanethiol SAMs absorbed on gold
substrates [33]. Lane et al. [34] modeled the interaction between water molecules
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and SAMs and measured the degree of water penetration depending on different
initial damage to the SAMs.
All too often, the SAM-modified interfaces are not perfectly flat, and rough SAM
surfaces are frequently encountered in real devices [35]. Due to the different nature
of the substrate, polishing techniques, and film growth conditions, SAMs exhibit
a roughness in rms ranging from a few to tens of nanometers [36][37], surpassing
the chain length of SAM molecules. This roughness profile can significantly affect
the formation of SAMs, reduce the real contact area of SAM-modified interface and
detriment their desired interfacial properties [38][39][40]. Duan et al. [41] varied
SAM-substrate surface roughness via different etching times and studied its effect on
water contact angles. Kulinich et al. [42] calculated the wetting characteristics of var-
ious SAM groups and found that surface roughness can lead to considerably increased
hydrophobicity of surface. Ulman et al. [43] used surface force apparatus (SFA) to
measure the deformation and contact forces of smooth mica and SAMs absorbed to
rough gold. Their study found that the pull-off force to separate the two surfaces was
dependent on measured roughness of the interface. Xu et al. [36] investigated the
adhesion force of Octadecyltriethoxysilane (OTE) SAMs on the surface of crystalline
Si(100) and silica nano-particle films with atomic force microscopy (AFM). Their
experiments indicate that the adhesion measured on OTE-modified Si(100) surfaces
is approximately 15 times greater than that on the silica particle surfaces, where the
latter exhibit rougher profiles in terms of rms of the height distribution.
1.3 Motivation and objectives
1.3.1 Spallation strength of SAM-enhanced interfaces
While prior research [2][1] has established that SAM functionalizations can lead to
dramatic increases in the work of adhesion between surfaces and improvement in
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fracture properties, there remain significant gaps in our fundamental understanding
of how the molecular scale functionalization of surfaces influences the macroscopic
interfacial fracture response due to the multiple length scales involved in the failure
event. In the recent work of Awasthi et al. [2], MD simulations were performed
on perfectly flat and defect-free interfaces consisting of a thin gold film and various
functionalized SAMs. MD simulations consistently predicted interfacial strengths
of Au-SAM interfaces about 50 times higher than those measured by spallation ex-
periments [1]. When probed by AFM, surface roughness of interacting surfaces was
found to have a rms value of 1∼5 nm, surpassing the range of atomistic interactions.
Measurements performed on SAMs with different surface roughnesses indicate that
nano-scale surface roughness significantly mitigates interfacial interactions and hence
that the influence of surface roughness must be incorporated to predict nano-scale
interfacial strength.
1.3.2 Fracture toughness of SAM-enhanced interfaces
In a recent series of laser-induced delamination tests, the interfacial fracture tough-
ness of transfer-printed gold films on SAM-enhanced silicon substrates was investi-
gated experimentally by Sung et al. to study how SAMs with different end-groups
can be used to tailor the delamination properties of the film (Fig. 1.2(b)). These ex-
periments yielded the fracture toughness value for mercaptoundecyltrimethoxylsilane
(MUTMS)-enhanced interfaces equal to 3.59± 0.45J/m2, while the value extracted
from the MD simulations was approximately 0.6J/m2 [2]. A few factors could ex-
plain this inconsistency, including the presence of residual stresses, the contribution
of mode mixity, and the additional energy dissipation associated with plastic defor-
mations in the film. The potential contribution of these various factors are discussed
next.
The natural appearance of residual stresses in the film is attributed to the ther-
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(a)
(b)
Figure 1.2: (a) Experiment setup of the delamination test of SAM-enhanced interface.
(b) Thin film/substrate system compositions. The dynamic loading pulse is applied
to the weak adhesion layer (100% DTES with CH3 as the functional group) and the
delamination propagates into the strong adhesion layer. The strong adhesion layer is
composed of different mixtures of DTES and MUTMS displayed as ω. (Jaeuk Sung,
private communication)
mal mismatch during the deposition process [44][45]. The ‘soft-deposition’ approach
of transfer printing has been demonstrated to cause minimal interference on the film
and SAM layer, thus minimizing the residual stresses [46]. Other studies have shown
that the presence of residual stresses effectively reduces the measured fracture en-
ergy, since additional energy is released as the delamination is accompanied by the
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relaxation of residual stresses present in the thin film [47][48]. Therefore, the pres-
ence of residual stresses in the transfer-printed gold film, if any, would weaken the
measured fracture energy.
The MD study has focused on simulating the intrinsic normal (mode I) separation
attributes along the SAM/gold interface. There is, however, some evidence that
the interface fracture energy generally depends on the relative amounts of shear to
normal deformations at the crack tip [49][50]. However, it has been shown that
the effect of mode mixity is usually limited to increasing the fracture energy by a
factor of 1.2 ∼ 2 [51], while, in the aforementioned dynamic delamination test, the
experimentally extracted fracture energy is about 6 times compared with the result
obtained numerically.
Significant efforts have been devoted in the literature to understand the plas-
tic deformations in thin films. Particularly relevant to this line of work is the pa-
per by Huntchinson et al. [52] who studied the steady-state peeling of a thin rate-
independent, elastic-plastic film bonded to an elastic substrate. Their calculations
showed that incorporating plasticity increases the apparent interfacial fracture en-
ergy by a factor of 6 to 11, which is of the order of the difference in the fracture
toughness obtained between the MD simulations and the values extracted from the
laser-induced delamination tests. However, their work is limited to investigating
the quasi-static state peel test in which the film is subjected to loading conditions
very different from those associated with the non-contact dynamic delamination test.
Nevertheless, motivated by the result of Huntchinson et al. [52], we hypothesize that
plasticity is still the major source of energy dissipation during the dynamic delamina-
tion of SAM-enhanced film/substrate interfaces and is the major reason behind the
difference between the fracture toughness values obtained through MD simulations
and experiments.
The objectives of this thesis are thus: (i) to develop a continuum level model to
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capture the intrinsic deformation and spallation properties of transfer-printed thin
gold films on SAM-enhanced substrates, (ii) to understand how the effect of plasticity
contributes to the apparent fracture toughness of the SAM-enhanced gold/silicon
interface during the dynamic delamination event.
1.4 Overview of dissertation
The thesis is organized in four chapters. Chapter 2 describes the development and
implementation of a 1-D continuum model for the effects of surface roughness on
the cohesive strength of thin film/SAM/substrate systems. This aspect of the thesis
work has been summarized in a paper published in Applied Surface Science [53]. To
broaden our understanding of the effects of roughness, Chapter 3 extends the work
to 2D, considering the effect of the roughness for both idealized and realistic surfaces.
The 2D analysis has been published in the International Journal of Fracture [54].
Chapter 4 presents a numerical analysis for the effects of plasticity on the dynamic
delamination properties of SAM-enhanced gold films off a silicon substrate. The final
chapter summarizes the key contributions of this dissertation and provides possible
extensions of the current research.
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Chapter 2
1D model of the effects of
roughness on the spallation
strength of self-assembled
monolayers
A continuum-level study is performed to investigate the influence of surface rough-
ness on the spallation strength of the interface between a Si/SAM substrate and a
transfer-printed gold film. The analysis is motivated by the inconsistency of cohe-
sive strength of SAM-enhanced interface obtained from Molecular Dynamics (MD)
simulations and experimental observations. Though the MD results of perfectly or-
dered atomistic surfaces show the same qualitative trend as the experiments, they
over-predict the interfacial strengths by a factor of about 50. Results from AFM
studies have revealed that the roughness (rms ∼1nm) of these interfaces surpasses
the range of atomistic interactions between SAMs and gold film. Hence, surface
roughness is a key contributor in significantly reducing interfacial cohesive strength
in these systems. We approximate the film as a deformable continuum interacting
with a rough substrate of SAM represented by a harmonic function. Using the co-
hesive relation predicted by MD, spallation is simulated to evaluate the effective
traction-separation characteristics for the rough SAM-gold interface. Our analysis
shows that incorporating roughness may reduce the interfacial cohesive strength by
an order of magnitude depending on the film properties and the surface roughness.
Additionally, we observe that the gold film adopts unique separation attributes based
on roughness parameters and material properties.
This chapter is organized as follows: In Section 2.1, a brief overview of the MD
10
simulations and experimental observations is provided. In Section 2.2, we discuss
the deformation of the thin film and its initial profile after it is transfer-printed onto
the SAM-enhanced substrate. In Section 2.3, we focus on the spallation process and
evaluate the effective cohesive properties of the film/substrate interface.
2.1 MD Modelling and Experimental
Observations
We begin by summarizing the key results of the MD simulations and the AFM
observations which motivate the present work. Fig. 2.1(a) depicts a schematic of the
system composed of a silicon substrate which tethers a layer of SAM about 1 nm
in thickness. A thin transfer-printed film of gold rests on the SAM surface directly
interacting with the functionalized end of the SAM. As shown in Fig. 2.1(a), SAMs
can be functionalized differently by replacing the head groups. MD simulations were
set up for two SAMs with head groups, -CH3 and -SH as shown in Fig. 2.1(a).
These SAMs are respectively called dodecyltriethoxysilane (DTES) and mercapto-
undecyltrimethoxysilane (MUTMS). The force-displacement responses of the SAM-
Au interfaces of these two cases are shown in Fig. 2.1(b) and 1(c), respectively, for
different velocities of separation. Note the typical shape of the force-displacement
profile first increases with separation, reaches a maximum and then reduces to zero
for large interfacial separations. Since MUTMS bonds much stronger with Au than
DTES, its interfacial strength is calculated to be about 3 GPa while that of the DTES
interface is about 0.9 GPa. Spallation experiments [2][1] for the same interfaces have
determined these strengths to be about 80 MPa and 20 MPa, respectively. Though
MD simulations yield very similar strength ratio, between MUTMS and DETS, the
magnitude of strength is about 50 times higher than those observed experimentally.
AFM measurements were performed to probe surface roughness of the top surface of
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Figure 2.1: (a) Schematic of substrate/SAM/Au film system. (b) and (c) MD simula-
tions of separation at the interfaces of DTES/Au and MUTMS/Au film, respectively.
As shown in the inset of (b), the weak bonds between the methyl head group and
the gold film lead to a clean separation, while the covalent bonds between the sulfur
in MUTMS and the gold film leads to the failure of some of the internal chains. The
traction-separation curves for different levels of separation velocities imparted to the
gold film for DTES/Au and MUTMS/Au systems are shown as well. (d) AFM scan
of the Si/MUTMS, Fused Silica(FS)/MUTMS systems and the underside of Au film.
This figure is reproduced with permission from [2] and [1], copyright 2014 American
Chemical Society.
SAM and underside of Au layer (Fig. 2.1(d)). It was found that the nanoscale surface
roughness is about the same order of magnitude as the range of atomistic interactions,
i.e., about 1 nm. Spallations test performed on interfaces with different roughness
have determined the interface stress of Au film on the MUTMS-functionalized silicon
substrate to be 250% greater than on MUTMS-functionalized fused silica substrates,
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where the former have a significantly reduced surface roughness (Fig. 2.1(d)). This
might explain the high strength values predicted by MD simulations, which pertain
to a perfect interface as shown in insets of Fig. 2.1(b) and (c). For more details,
please refer to references [1] and [2].
Motivated by experiments and MD simulation results, we investigated the role
played by the surface roughness on the spallation strength of SAM-enhanced inter-
faces. Our model is based on a two-step approach: In the first step (Section 3), the
initial equilibrium profile of the deformable gold film transfer-printed on the rough
substrate is analyzed, with the interface interaction captured using the cohesive law
derived from aforementioned MD simulations. In the second step (Section 4), we use
the initial profile obtained in the first step to assess the effective cohesive response
associated with a rapid spallation of the gold film.
2.2 Initial profile
2.2.1 Formulation
A 1-D classical ’beam’ model is adopted to mimic the behavior of the thin film as it
rests over a much stiffer SAM-enhanced substrate. In this model, the SAM-enhanced
substrate is taken as a non-deformable solid. In the undeformed state, the film is
assumed to be flat. The initial distance δi(x) between a point x along the initially
flat film and the rigid rough substrate is given by
δi(x) = A(1− cos 2pix
L
), (2.1)
with A denoting the amplitude and L the wavelength of the roughness. After under-
going deformation due to strong cohesive interactions with the substrate, the film
deforms. Due to its stiffness, the transfer-printed film does not completely follow
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Figure 2.2: Schematic of a deformable film (yellow) that rests on roughness of a
nanoscale interface (shaded), at equilibrium. δi(x) and w(x) are the initial distance
and film displacement at a point x along the length of the film, respectively. A3 (A1
and A2) denotes the portion of the rough interface where attractive (compressive)
cohesive tractions apply.
the shape of the underlying profile, but rather adopts an equilibrium configuration
shown in Fig. 2.2. For the SAM-enhanced thin film systems of interest (Fig. 2.1(d)),
A ∼ 1nm and L ∼ 500nm [1]. Adopting the exponential cohesive model given in
[55], we express the cohesive traction-separation response along the interface as
Ta(x) = σc
δi(x) + w(x)
δc
exp[1− δi(x) + w(x)
δc
], (2.2)
where the critical displacement, δc and the failure strength, σc, are obtained from
MD simulations, δi(x) is defined by (2.1) and w(x) is the transverse displacement of
the film which needs to be solved. The cohesive relation in (2.2) is used to describe
the interface interaction in non-contact regions where the cohesive interaction is an
attractive force. To incorporate the compressive behavior between the film and the
substrate, a linear contact penalty under compression is adopted, which is expressed
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as
Tc(x) = Kn
σc
δc
(δi(x) + w(x)), (2.3)
where Kn is the penalty constant. In this study, we take Kn = 300, which suffice to
ensure convergence of the compressive force [56][57].
The initial deformation of the film is governed by [58]
EI
1− ν2
d4w(x)
dx4
= −T (x), (2.4)
where E, ν, I are the Young’s modulus, Poisson’s ratio and moment of inertia per
unit width of the film, respectively. The cohesive traction T (x) is defined by (2.2) and
(2.3) in non-contact and contact regions, respectively. Periodic boundary conditions
dictate w(0) = w(L), w′(0) = 0, w′(L) = 0. At the same time, the overall equilibrium
of the film is expressed by
∫ L
0
T (x)dx =
∫ L
0
[Ta(x) + Tc(x)]dx = 0. (2.5)
Now let us introduce non-dimensional parameters x˜ =
x
L
, η =
A
δc
, λ =
L
δc
,
w˜ =
w
A
, and β =
EH3δc
12σceL4(1− ν2) , with e = exp (1). With these parameters, the
non-dimensional form of the equilibrium equation (2.4) can be written as
β
d4w˜
dx˜4
=
 −(1− cos 2pix˜− w˜) exp [η(w˜ − 1− cos 2pix˜)], (1− cos 2pix˜− w˜) ≥ 0−Kn
e
(1− cos 2pix˜− w˜), (1− cos 2pix˜− w˜) < 0
(2.6)
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while the boundary conditions take the form

w˜(0) = w˜(1),
w˜′(0) = 0,
w˜′(1) = 0,
w˜′′′(0) = w˜′′′(1).
(2.7)
The last condition in (2.7) results from overall equilibrium of the film described by
(2.5).
We observe from (2.6) that the solution is governed by two non-dimensional
parameters, β and η, which characterize the film-substrate system: η accounts for
the amplitude of the substrate roughness, while β incorporates the bending stiffness
of the film, the properties of the interface, as well as the wavelength of the substrate
profile.
2.2.2 Results
As the film deforms under cohesive interactions with the rough substrate, bending
energy is stored in the film [59]. The non-dimensional bending energy (E˜b) can be
expressed as the ratio of the energy (Eb) stored in the film after deformation, to the
total cohesive energy (Ec) of a flat interface, and is given as
E˜b =
Eb
Ec
=
βη2
2
∫ 1
0
(
d2w˜
dx˜2
)2dx˜, (2.8)
where Ec = eσcδcL is the cohesive energy of a perfectly flat interface over one wave-
length L.
Fig. 2.3 shows the variation of E˜b with β for a fixed surface roughness η = 5,
together with deformed profiles at six specific β values labeled A to F. The bending
energy ratio curve starts at β = 0, which corresponds to a perfectly flat interface
16
β
×10 -4
0 0.5 1 1.5 2
E˜
b
0
0.2
0.4
0.6
0.8
C
D
A
B
E F
x˜
0 0.2 0.4 0.6 0.8 1
1
−
w˜
-1
-0.5
0
0.5
1
1.5
A
D
B
C
F
E
Figure 2.3: Bending energy ratio E˜b defined in (2.8) and deformed profiles for the
case η = 5. In the top right figure, A, B, E, and F are deformed film profiles for
four values of β denoted in the main figure. An abrupt drop of bending energy ratio
occurs from B to E, together with a change of deformed profile. The equilibrium path
A→B→C→D→E→F is the actual curve of bending energy ratio E˜b and deformed
profiles, with C and D corresponding to two unstable equilibrium configurations.
with no bending energy stored in the film. As β increases owing to an increase of the
film thickness or a decrease of the substrate wavelength, the bending energy ratio
rises, reaches a maximum (in excess of 60% of the cohesive energy) and undergoes
a slight decrease (point B). In this regime, the film remains closely adhered to the
substrate (profiles A and B).
Further increasing β from B to E leads to a sharp drop in bending energy as
the film snaps from a position closely adhered to the substrate to a quasi-unloaded
configuration (profile E). Beyond this critical value of β, the bending energy ratio
(from point E to point F) approaches the fully unloaded profile as expected for very
stiff films and/or very short wavelength substrates.
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The abrupt change of bending energy ratio and the deformed profile at the critical
value of β is further described with the solid curve (B→C→D→E) shown in Fig. 2.3
and obtained using the arc-length method. The actual evolution of bending energy
ratio E˜b and the deformed profiles with β for this portion shows the smooth but
unstable transition between points B and E.
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Figure 2.4: Effect of β on the bending energy ratio of different values of η. As η
increases, the response is increasingly unstable and leads to higher values of stored
bending energy.
The dependence of E˜b on β for different values of η is presented in Fig. 2.4.
Once again, all curves start at E˜b = 0, since β = 0 corresponds to a perfectly flat
interface, where no bending energy is stored in the film. As β increases, the bending
energy increases, reaches a maximum and eventually decays to zero for high values
of β i.e., for high film stiffness or short roughness wavelength. For higher roughness
(η > 3), the transition is abrupt due to the aforementioned instability. For smaller
η, the β-dependence of E˜b is smooth. This result is consistent with predictions
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made earlier using a surface energy exchange model [59] and that pertaining to the
rough surface indenter problem [60]. Fig. 2.5 summarize the effect of β and η on
the bending energy ratios. Similar dependence of E˜b on η exists for small β values.
It can be generalized that sharp transitions exist for surfaces with high roughness
values (η > 3, β < 2 ∗ 10−4).
Figure 2.5: Effect of β and η on the bending energy ratio.
2.3 Spallation
Once the initial deformed shape of the transfer-printed thin film is obtained, it is
used to study the spallation process. The film is assumed to be rigid since spallation
occurs too rapidly for the film to further deform before it is spalled from the substrate
[1][23].
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Fig. 2.6(a) demonstrates this spallation process of a film with an initially deformed
profile. As the film uniformly moves away from the substrate, no deformation incurs
until the film is fully spalled and the cohesive interaction between the film and
substrate vanishes. As a reference, Fig. 2.6(b) shows the spallation of a film under
perfectly rigid assumption, which states that the bending stiffness of the film is so
large that there is no film deformation under cohesive tractions. In the rigid case,
the interaction between the film and the substrate can be fully determined by using
Equations (2.1) (2.2) and (2.3).
2.3.1 Formulation
The effective cohesive traction T¯ (δ˜) can be calculated as the average traction on the
film using the non-dimensional parameters introduced in the previous section:
T¯ (δ˜) =
1
L
∫ L
0
[Ta(x) + Tc(x)]dx
= σc
∫ 1
0
[δ˜ + η(w˜ + 1− cos 2pix˜)] exp[1− δ˜ − η(w˜ + 1− cos 2pix˜)]dx˜, (2.9)
where δ˜ =
δ
δc
denotes the non-dimensional uniform displacement of the film. The
effective cohesive energy, obtained by calculating the area under the effective cohesive
curve, can be written as
E˜c =
L
Ec
∫ ∞
0
T¯ (δ˜)dδ˜, (2.10)
where Ec has been defined after Equation (2.8).
2.3.2 Results
In addition to the effective cohesive traction of a deformable thin film defined by
Equation (2.9), a closed-form expression for the effective cohesive response of a per-
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Figure 2.6: Schematic of the spallation models: (a) Spallation of the deformed initial
configuration found in Section 3. (b) Spallation of a perfectly rigid film. During
spallation, the film is assumed to be lifted rigidly from the substrate.
fectly rigid film (Fig. 2.6(b)) denoted by T¯R(δ) can be obtained as
T¯R(δ˜) =
1
L
∫ L
0
TR(x, δ˜, η)dx = σc[(δ˜ + η)I0(η)− ηI1(η)]e1−δ˜−η, (2.11)
with I0 and I1 denoting the modified Bessel function of the first kind. In this case,
the effective cohesive curve does not depend on β but only on η, implying that, the
effective cohesive response is only related to the substrate profile amplitudes when
the bending stiffness of the thin film is very large. The resulting effective cohesive
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Figure 2.7: Effective traction-separation curves for different values of η under the
perfectly rigid assumption. When η = 0, the original cohesive law is retrieved. As
the roughness amplitude grows larger (i.e., as η increases), the maximum cohesive
traction becomes smaller. Note that, under the rigid film assumption, the cohesive
traction on the film at δ˜ = 0 is not zero.
curves of a perfectly rigid film for different values of η are presented in Fig. 2.7. It
is worth noting that the effective traction on the perfectly rigid film at δ˜ = 0 is not
zero. This is a direct result of the rigidity assumption of the film, neglecting the
compressive behavior between the film and the substrate.
Fig. 2.8 shows the effective cohesive response of the deformable film-substrate
system for η = 5 and for four values of β, labeled A, B, E and F, corresponding to
the four initial deformed configurations labeled in Fig. 2.3. The effective cohesive
response for a perfectly rigid film and the exponential cohesive law are also presented
for comparison. At δ˜ = 0, the film in the deformable case has an average traction
T¯ = 0, which corresponds to the initial equilibrium state. As δ˜ increases, the film
moves away from the substrate and the value of the effective cohesive traction rapidly
increases before reaching the maximum. In the configuration where the film has
an initial profile closely attached to the substrate, the resulting effective cohesive
22
δ˜0 2 4 6 8 10
T¯
/σ
c
0
0.2
0.4
0.6
0.8
1
1.2
F
E
B
A
A   β=2.7e-5
B   β=9.2e-5
E   β=9.3e-5
F   β=1.5e-4
Equation(11)
Cohesive law
δ˜
0 0.1 0.2 0.3 0.4
T¯
/σ
c
0
0.2
0.4
0.6
0.8
1
1.2
F
E
B
A
Figure 2.8: Effective traction-separation response for η = 5 with four values of β
denoted by A, B, E and F (See Fig. 2.3). The exponential cohesive laws and the
rigid film approximation (2.11) are also shown for comparison. The inset shows the
responses for small values of δ˜.
response (curve A) is very close to the interface cohesive law. At the other end of
the spectrum, the effective cohesive strength is substantially smaller (by about 70%
for β = 1.5 × 10−4) if initially the film is in a quasi-unloaded configuration. The
effective cohesive response thus greatly depends on the initial profiles of the thin
film. It is worth noting that, when δ˜ goes from 0 to the first non-zero point, the
contact regions of the film become non-contact regions. This causes the traction on
the film corresponding to the first non-zero δ˜ to have an abrupt jump instead of a
smooth transition from zero, which also leads to a shift of the δ˜ where maximum
effective cohesive traction occurs.
Fig. 2.9(a) and (b) depict the effective cohesive strength and the effective cohesive
energy of the system for different values of η, respectively. The two figures have a
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Figure 2.9: (a) Maximum effective cohesive traction and (b) effective cohesive energy
on the film, for different values of η. When η is small, T¯max and E˜c are smooth. When
η is large, T¯max and E˜c show abrupt changes. The result for the perfectly rigid case
is presented in dotted line and is the limit of the deformable case as β →∞.
similar pattern due to the exponential nature of the effective cohesive interaction.
The curves start with T¯max/σc = 1 and E˜c = 1 at β = 0, where the effective interfacial
cohesive response is the same as the exponential cohesive model (see Fig. 2.8). The
largest cohesive traction T¯max and effective cohesive energy E˜c then decrease as β
increases. At smaller η values, T¯max and E˜c decrease smoothly with β, while at larger
24
η values, T¯max and E˜c reach a critical point and then undergo abrupt drops before
decreasing smoothly with β. Note that there is a slight difference in the value of E˜c
and T¯max/σc, due to the detachment of the contact region and thus a shift of δ˜ where
the maximum effective traction occurs, as shown in Fig. 2.8. Comparing Fig. 2.3
and Fig. 2.9, we observe that the critical β where the drops of T¯max and E˜c occur is
the same as the critical β where the drops of E˜b and the snaps of initial film profile
occur. This further demonstrates that the spallation and effective cohesive behavior
of the SAM-modified substrate-film system greatly depend on the characteristics of
the initial deformed profile of the thin film.
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Chapter 3
2D model of the effects of
roughness on the spallation
strength of self-assembled
monolayers
The continuum-level model developed in the previous chapter has shown its ability in
capturing in detail the initial deformation and spallation properties of a layer of thin
film transfer-printed on SAM-enhanced substrates. The substrate profile considered
in the previous chapter, however, only incorporates 1D geometry which is limited
due to the 2D nature of substrates in real scenarios. This inadequacy requires a
development of a more complex model that takes into account the 2D surface rough-
ness of SAM-enhanced interfaces. Therefore, in this chapter we approximate the film
as a 2D deformable medium while the rough SAM-enhanced substrate is modeled
using 2D harmonic functions with the cohesive interaction between the SAM and the
film described by the relation achieved from MD. Spallation is simulated to evaluate
the effective traction-separation response for the rough SAM-gold interface. Beyond
the idealized interface represented by harmonic functions, we also extend our studies
to real surface profiles obtained from experiments. We demonstrate how interfacial
roughness can reduce the cohesive strength of the SAM-enhanced interface by more
than an order of magnitude.
This chapter is organized as follows: In Section 3.1, we discuss the deformation
of the thin film and its initial profile after it is transfer-printed onto the idealized
SAM-enhanced substrate. In Section 3.2, we focus on the spallation process and eval-
uate the effective cohesive properties of the SAM-enhanced film/substrate interface
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achieved in Section 3.1. In Section 3.3, the analysis is extended to real SAM-enhanced
interfaces obtained from experiments to correlate effective cohesive properties with
roughness attributes.
3.1 Initial Profile
3.1.1 Formulation
The behavior of the transfer-printed thin film is modeled by a classical thin plate
model as it rests over a stiffer SAM-enhanced substrate. In this system, the SAM-
enhanced substrate is idealized as a non-deformable solid. In the undeformed state,
the film is assumed to be flat. In this initial study, the interface roughness is idealized
as a simple harmonic function (see Section 3.3 for the extension to real surfaces) and
the initial distance δi(x) between a point (x1, x2) on the neutral plane of the film
and the rough rigid substrate is given by
δi(x1, x2) = A(1− cos 2pix1
L1
cos
2pix2
L2
), (3.1)
with A denoting the amplitude and L1, L2, the wavelength of the roughness in x1
and x2 directions, respectively. The transfer-printed film deforms due to cohesive
interactions with the substrate. Because of its bending stiffness, the film does not
completely follow the shape of the underlying profile, but rather adopts an equilib-
rium configuration shown in Fig. 3.1. For the SAM-enhanced thin film systems of
interest, A ∼ 1nm and L1, L2 ∼ 500nm [1]. Adopting the exponential cohesive model
given in [55], the cohesive traction-separation relation at the interface is expressed
as
Ta(x1, x2) = σc
δi(x1, x2) + w(x1, x2)
δc
exp[1− δi(x1, x2) + w(x1, x2)
δc
], (3.2)
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Figure 3.1: (a) Deformation of a deformable film (yellow) due to interaction with
the SAM-enhanced substrate (blue). Note that A << (L1, L2) (b) Kinematics of the
film/substrate system at a planar cut, showing δi(x1, x2) and w(x1, x2), film-substrate
initial distance and film displacement at point (x1, x2), respectively. A3(A1 and
A2) denotes the portion of rough interface where attractive (compressive) cohesive
tractions apply.
where the critical displacement jump, δc, and failure strength, σc, are obtained from
molecular dynamics simulations and depend on the chemistry of interface. δi(x1, x2)
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is defined by (3.1) and w(x1, x2) is the transverse displacement of the film, which re-
mains to be solved. The cohesive relation in (3.2) is used to describe the non-contact
regions where the cohesive interaction acts as an attractive force. To incorporate the
compressive behavior in contact regions, a linear contact penalty under compression
is adopted [56]:
Tc(x1, x2) = Kn
σc
δc
(δi(x1, x2) + w(x1, x2)), (3.3)
where Kn is the penalty constant, chosen in this study as Kn = 300 to ensure
convergence of the compressive force [57].
The deformation of the transfer-printed film is governed by the classical equation
[58]
∂4w(x1, x2)
∂x41
+
∂4w(x1, x2)
∂x42
+ 2
∂4w(x1, x2)
∂x21∂x
2
2
=
12(1− ν2)T (x1, x2)
EH3
, (3.4)
where E, ν, and H denotes the Young’s modulus, Poisson’s ratio and thickness of the
film, respectively. The cohesive traction T (x1, x2) can be attractive or compressive
and is defined by (3.2) and (3.3) in non-contact and contact regions, respectively.
Let us introduce non-dimensional parameters:
x˜1 =
x1
L1
, x˜2 =
x2
L2
, η =
A
δc
, w˜ =
w
A
,
δ˜i =
δi
A
, ξ =
L2
L1
, β =
EH3δc
12σceL41(1− ν2)
, with e = exp (1). (3.5)
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The non-dimensional form of the equilibrium equation (3.4) is then expressed as:
β[
∂4w˜
dx˜41
+
2
ξ2
∂4w˜
∂x˜21∂x˜
2
2
+
1
ξ4
∂4w˜
∂x˜42
] =

−(δ˜i(x˜1, x˜2) + w˜(x˜1, x˜2)) exp[−η(δ˜i(x˜1, x˜2) + w˜(x˜1, x˜2))]
if (δ˜i(x˜1, x˜2) + w˜(x˜1, x˜2)) ≥ 0
−Kn
e
(δ˜i(x˜1, x˜2) + w˜(x˜1, x˜2))
if (δ˜i(x˜1, x˜2) + w˜(x˜1, x˜2)) < 0,
(3.6)
while periodic boundary conditions are applied on the edges of the film.
As apparent from (3.6), the solution is governed by the three non-dimensional
parameters, β, η and ξ, which characterize different aspects of the film-substrate
system: η accounts for the amplitude of the substrate roughness, ξ reflects the ratio
of the wavelengths in the two directions and β incorporates the bending stiffness
of the film. For a typical interface of transfer-printed gold film and SAM-enhanced
substrate, β = 5 × 10−5, η = 5 ∼ 10, and ξ depends on the choice of interface
samples.
3.1.2 Results
As the transfer-printed film deforms under the cohesive interactions, the bending
energy stored in the film increases [59]. The non-dimensional bending energy (E˜b)
can be expressed as the ratio of the energy (Eb) stored in the deformed film to the
total cohesive energy (Ec) of a flat interface:
E˜b =
Eb
Ec
=
βη2
2
∫ 1
0
∫ 1
0
[(
∂2w˜
∂x˜21
+
1
ξ2
∂2w˜
∂x˜22
)
2
− (1− ν)
ξ2
(
∂2w˜
∂x˜21
∂2w˜
∂x˜22
− ( ∂
2w˜
∂x˜21∂x˜
2
2
)
2
)]dx˜1dx˜2, (3.7)
where Ec = eσcδcL1L2 is the cohesive energy of a perfectly flat interface over an area
of L1 × L2.
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Figure 3.2: Effect of the non-dimensional parameters β, η, and ξ introduced in (3.5)
on the normalized bending energy E˜b defined in (3.7) for the transfer-printed film.
(a) Effect of β for ξ = 1, η = 5; (b) Effect of η for β = 5 × 10−5 and ξ = 1; (c)
Effect of ξ for β = 5 × 10−5 and η=5. The right figures denote the equilibrium
configurations of the film corresponding to the solutions denoted by A, B, C, and D
on the left curves.
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Fig. 3.2(a) shows the variation of E˜b with β for a fixed surface roughness η = 5
and a wavelength ratio ξ = 1, together with deformed profiles at four specific β values
labeled A to D. The bending energy ratio curve starts at β = 0, which corresponds
to a gold film with zero stiffness. At β = 0, there is no bending energy in the film
and the film is perfectly attached to the substrate due to its infinite compliance.
As β increases, i.e., as the film thickness increases and/or the substrate wavelength
decreases, the bending energy ratio rises and reaches a maximum (in excess of 200%
of the cohesive energy). Any further increase in β from B to C leads to a rapid drop
in E˜b. In this entire process, the film physically shifts from a position closely adhered
to the substrate (profile B) to a quasi-unloaded configuration (profile C). Beyond this
value of β at C, the bending energy ratio (from point C to point D) approaches the
fully unloaded profile as expected for very stiff films and/or substrates with very
short wavelengths.
Figures 3.2(b) and 3.2(c) show the dependence of E˜b with ξ and η, respectively.
Both curves exhibit similar evolution as that observed with in Fig. 3.2(a). It is
interesting to note the behavior of E˜b with respect to ξ in Fig. 3.2(c), where the
film profiles change from a quasi-unloaded configuration to a position close to the
substrate (A to D).
The dependence of E˜b on β for different values of η with fixed ξ = 1 is presented
in Fig. 3.3(a). Once again, all curves start at E˜b = 0, since β = 0 corresponds to a
fully compliant film, where no bending energy is stored in the film. As β increases,
the bending energy increases, reaches a maximum and eventually decays to zero
for high values of β, i.e., for high film stiffness or short roughness wavelength. For
higher roughness (η > 5), the transition is abrupt while for smaller values of η, the
β-dependence of E˜b is smooth. A more detailed description of the dependence of the
bending energy E˜b, on the stiffness parameter β, can be found in Chapter 2, which
includes a discussion of the stability of the initial deformation of the transfer-printed
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Figure 3.3: (a) Effect of β on bending energy ratio E˜b for different η. The transition
is abrupt for η > 5 and smooth for η < 5. (b) Effect of ξ on bending energy ratio E˜b
for different η. No abrupt changes of E˜b occurs as ξ increases.
film.
Fig. 3.3(b) demonstrates the evolution of E˜b with ξ for different values of η with
fixed β = 5× 10−5. The curves start at E˜b = 0, since L2 = 0 when ξ = 0. With the
increase of ξ, the bending energy increases, reaches a maximum and decays, similar to
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the pattern observed in Fig. 3.3(a). It is interesting to note that the maximum value
of E˜b does not increase monotonically with η. Rather, as the value of η increases,
the maximum value of E˜b increases and then drops with further increase in η.
3.2 Spallation
The initial deformed shape of the transfer-printed thin film is then used to model
the spallation of the film off the SAM-enhanced substrate. The film is assumed
to be rigid during spallation since the failure event happens too rapidly to cause
any deformation in the film [1][23]. As the film retracts from the substrate, the
cohesive interactions between the film and substrate vanish. Fig. 3.4(a) illustrates
the spallation of a film with an initially deformed profile. In contrast, Fig. 3.4(b)
shows the spallation of a perfectly rigid film, for which the bending stiffness is so
large that there is no film deformation under cohesive tractions.
3.2.1 Formulation
The effective cohesive traction T (δ˜) can be calculated as the average traction on the
film using the non-dimensional parameters introduced in the previous section:
T (δ˜) =
1
L1L2
∫ L1
0
∫ L2
0
T (δ˜, δ˜i(x1, x2))dx1dx2
= σc
∫ 1
0
∫ 1
0
{
δ˜ + η[δ˜i(x˜1, x˜2) + w˜(x˜1, x˜2)]
}
exp
{
1− δ˜ − η[δ˜i(x˜1, x˜2) + w˜(x˜1, x˜2)]
}
dx˜1dx˜2
(3.8)
where δ˜ =
δ
δc
denotes the non-dimensional uniform displacement of the film. The
effective cohesive energy, obtained by calculating the area under the effective cohesive
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Figure 3.4: Schematic of two spallation models: (a) Spallation of an initially de-
formed film. (b) Spallation of a perfectly rigid film. In both cases, the film is
assumed to be lifted rigidly from the substrate during the rapid spallation process.
curve, can be written as
E˜c =
L1L2
Ec
∫ ∞
0
T (δ˜)dδ˜, (3.9)
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where Ec = eσcδcL1L2.
3.2.2 Results
In addition to the effective cohesive traction of a deformable film defined by (3.8),
the expression for the effective cohesive spallation response of a perfectly rigid film
(Fig. 3.4(b)) can be obtained as
T
R
(δ) =
1
L1L2
∫ L1
0
∫ L2
0
σc
δc
[δ + δi(x1, x2)] exp [1− δ + δi(x1, x2)
δc
]dx1dx2
= σc
∫ 1
0
∫ 1
0
[δ˜ + δ˜i(x˜1, x˜2)] exp [1− δ˜ − δ˜i(x˜1, x˜2)]dx˜1dx˜2. (3.10)
Fig. 3.5(a) and (b) show the effective cohesive response of the SAM-film system
starting at four different initial profiles A, B, C and D, which correspond to the four
points labeled in Fig. 3.2(a) and (c). The effective cohesive response for a perfectly
rigid film and the intrinsic interfacial cohesive law are also presented for comparison.
At δ˜ = 0, the film in the deformable case has an average traction of T = 0, which
corresponds to the initial equilibrium state. As δ˜ increases, the film moves away from
the substrate and the value of the effective cohesive traction rapidly increases before
reaching the maximum. In the configuration where the film has an initial profile
closely attached to the substrate, the resulting effective cohesive response (curve
A in Fig. 3.5(a) and curve D in Fig. 3.5(b)) is very close to the intrinsic interface
cohesive law. On the other hand, for cases where the film is initially in quasi-
unloaded configurations, the effective cohesive strength is substantially smaller (by
about 60%). The effective cohesive response therefore greatly depends on the initial
profiles of the thin film. Note the sharp increase of the effective traction close to
the region δ˜ → 0 (insets of Fig. 3.5(a) and (b)) due to the high value of the penalty
parameter Kn used to enforce contact (Eqn 3.3).
Fig. 3.6(a) and (b) respectively depict the dependence of the effective cohesive
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Figure 3.5: (a) Effective traction-separation relation for η = 5 and ξ = 1 with four
values of β denoted by A, B, C and D (See Fig. 3.2(a)). (b) Effective traction-
separation relation for η = 5 β = 5 × 10−5 with four values of ξ denoted by A, B,
C and D (See Fig. 3.2(c)). The intrinsic interfacial cohesive law and the rigid film
approximation are also shown for comparison. The insets show corresponding trends
for small values of δ˜.
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(a)
(b)
Figure 3.6: β-dependence of the maximum effective cohesive properties, i.e., of the
cohesive strength (a) and effective cohesive energy (b) of the film, for different values
of η. The result for the perfectly rigid case (Eqn (3.10)) is denoted by dashed
horizontal lines and is the limit of the deformable case as β →∞.
strength and cohesive energy of the film on β. The two figures have similar a pattern.
The curves start at Tmax/σc = 1 and E˜c = 1, where the effective interfacial cohesive
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(b)
Figure 3.7: ξ-dependence of the effective cohesive strength (a) and cohesive energy
(b) of the film for different values of η. The results for the perfectly rigid case are
presented with dashed lines.
response is the same as the exponential cohesive model (see Fig. 3.5). The cohesive
strength Tmax and effective cohesive energy E˜c then decrease as β increases. As
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the value of η increases, the decay in Tmax and E˜c becomes more pronounced. As
β →∞, the results converge to these of the perfectly rigid case.
Figure 3.8: AFM surface profile obtained of a fused silica substrate with a dodecyl-
triethoxysilane (DTES) SAM layer.
In Fig. 3.7(a) and (b), the evolution of Tmax/σc and E˜c with ξ is presented for a
fixed value of β = 5× 10−5. Due to the compliance along L1 direction, the curves do
not start at the same value as that of a perfectly rigid case (dotted lines) at ξ = 0.
The values of Tmax and E˜c rise rather abruptly as ξ increases.
Fig. 3.6(a) and Fig. 3.7(a) demonstrate the capability of the idealized represen-
tation of surface roughness to capture the initial deformation, rigid spallation, and
effective cohesive response of the transfer-printed thin film. It is shown that the
reduction of spallation strength can be 3 ∼ 10 times for most values of β when
4 ≤ η ≤ 9, which is the typical range of η values for our thin film/SAM-enhanced
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Figure 3.9: (a) 100nm×100nm DTES sample from the surface shown in Fig. 3.8. (b)
Initial deformed profile of transfer-printed gold film on the DTES-enhanced substrate
shown in (a). This gold film/substrate interface has η = 3.5, β = 3×10−4 and ξ = 1.
substrate interfaces. Yet recall from previous discussion that the difference between
MD simulations and experiment results is about 30 times. This motivates us to
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Figure 3.10: (a) Effective traction-separation response for the gold film/substrate
interface by applying rigid spallation to the deformed film shown in Fig. 3.9. The
intrinsic interfacial cohesive law is also presented for comparison. (b) Maximum
effective cohesive traction for gold film/substrate interface of 400 randomly selected
100nm× 100nm DTES-enhanced samples.
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Figure 3.11: (a) Schematic of Sr(D) for a surface profile: Sr(D) = (A + B + C)/L.
(b) Evolution of Sr(D) on D/δc. Each dotted line represents one surface.
study the real SAM profile and explore its impact on the behavior and spallation
properties of the transfer-printed film.
43
Figure 3.12: Distribution of Sr(D) for D = 4δc and D = 7δc . Pr represents the
ratio of number of surfaces having a particular value of Sr(D) to number of surfaces
in the entire sample surface collection.
3.3 Real Surface
As illustrated in Fig. 3.8, the surface profile of actual SAM-enhanced fused silica sub-
strates is substantially more complex than the idealized harmonic roughness profile
used in the previous sections. In this section, we apply the two-step approach de-
scribed earlier to extract the spallation strength of actual DTES-enhanced gold/fused
silica interface. For details on the preparation of the fused silica/DTES/gold system,
please refer to [1].
Fig. 3.9(a) and (b) respectively show the profile of one 100nm×100nm sample of
DTES-enhanced substrate and the deformed initial profile of the transfer-printed gold
film using the combined plate/cohesive model described earlier. The roughness pro-
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Figure 3.13: Evolution of Tmax/σc associated with (a) Sr(4δc), (b) Sr(3δc), (c) Sr(2δc)
and (d) Sr(δc) for rigid films (β →∞).
file can be characterized by a wide range of surface parameters. The non-dimensional
parameters η introduced earlier can be defined by η =
max(h)−min(h)
2δc
, where h
denotes the height of a point measured on the surface. Based on dimensional pa-
rameters L1 = L2 = 100nm and hmax − hmin = 1.4nm extracted from the surface
profile in Fig. 3.9(a), on a film thickness H = 45nm, and on the cohesive param-
eters obtained from molecular dynamics simulations for the DTES/gold interface,
σc = 7.5 × 10−10N/nm2, δc = 0.2nm, typical values of the three non-dimensional
parameters introduced earlier are η = 3.5, β = 4 × 10−4 and ξ = 1. As shown
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Figure 3.14: Evolution of Tmax/σc with Sr(4δc) associated with (a) β = 2.1× 10−3,
(b) β = 3.8× 10−4, (c) β = 1.6× 10−4 and (d) β = 4.8× 10−5. For β = 2.1× 10−3,
the result is identical to the rigid film assumption Fig. 3.13(a).
in Fig. 3.9(b), the transfer-printed film sits higher up over the peaks and deforms
to adhere to the substrate in smoother areas due to the cohesive forces. Based on
the initial profile of the transfer-printed film, the second step of the interface fail-
ure model, referred to previously as the rigid spallation step, is performed to obtain
the effective cohesive properties of the interface. Fig. 3.10(a) presents the effective
traction-separation response, with the exponential cohesive model for a perfectly flat
interface also plotted for comparison. The effective cohesive strength Tmax/σc for
this particular case is 0.68.
To assess the range of effective cohesive strength for the surface profile shown in
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Fig. 3.8, we randomly selected 400 samples of size 100nm × 100nm and calculated
for each profile η-dependence of the interfacial cohesive strength Tmax for a range
of β values, i.e, for a range of film compliance values. The results are presented
in Fig. 3.10(b). The reduction of the spallation strength of the transfer-printed
gold film can be more 30 times for 5 ≤ η ≤ 10, which explains the inconsistency
between previous MD simulations and experiments. While these results clearly show
a decreasing trend of Tmax on β and η, Fig. 3.10(b) clearly indicates that these two
non-dimensional parameters are not sufficient to determine the effective cohesive
response of the transfer-printed thin film on real surfaces.
To address this shortcoming, and in an effort to extract a surface parameter that
correlates better with the effective cohesive strength, we introduce another parameter
Sr(D):
Sr(D) =
∫ +∞
max (h)−D
f(z)dz, (3.11)
where max(h), D and f(z) respectively denote the height of of the surface peak,
the distance from a point on the surface to the surface peak, and the surface height
distribution. Sr(D) is similar to the concept of bearing ratio tp used in [61] and is
schematically shown in Fig. 3.11(a), with Sr(D) =
A+B + C
L
.
Fig. 3.11(b) shows Sr(D) for the aforementioned 400 sample surfaces. As apparent
there, most surface profiles reach Sr(D) ∼ 1 at D = 10δc. However, for some
surface with high peaks, Sr(10δc) < 1. Fig. 3.12 presents the distribution of surface
profiles with Sr(4δc) and Sr(7δc), showing that most surfaces have Sr(4δc) ≤ 0.6 and
Sr(7δc) ≥ 0.6.
Fig. 3.13(a-d) presents the correlation between the effective cohesive strength
Tmax and for values of Sr(D): Sr(4δc), Sr(3δc), Sr(2δc) and Sr(δc) for a large value of
β, i.e., for a high film stiffness. As shown in Fig. 3.13(a), Tmax correlates linearly with
Sr(D = 4δc). This result is in line with the observation that the intrinsic interfacial
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cohesive law that underlies this study almost vanishes for a displacement jump equal
and greater to 4δc (Fig. 3.5). It is therefore expected that the fraction of a surface
that lies within 4δc of its peak determines the cohesive strength for a transfer-printed
film with high stiffness.
As the film compliance increases, i.e., as β decreases, the linear correlation be-
tween Sr(4δc) and the effective cohesive strength Tmax decreases, as illustrated in
Fig. 3.14(a-d). In other words, the compliance of the film during the transfer print-
ing process raises the effective strength of the SAM-enhanced interface. While the
surface parameter Sr(4δc) provides a more accurate correlation between the surface
roughness and the effective cohesive strength of the SAM-enhanced interface than the
η parameter used earlier in this manuscript, it is not sufficient to fully characterize
the failure properties, especially for highly compliant films.
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Chapter 4
Effects of plasticity on the
dynamic delamination of
SAM-enhanced thin film interfaces
In the previous chapters, we developed a numerical scheme to investigate the effects of
surface roughness on the spallation properties of SAM-enhanced thin film/substrate
interfaces. In this chapter, we focus on another failure property of SAM-enhanced
interfaces, the fracture toughness, i.e., the energy required to delaminate a unit
area of interface. As described in the introductory chapter, experiments and MD
simulations were performed to extract the interfacial fracture toughness of SAM-
enhanced interfaces. However, the numerical values were up to an order of magnitude
smaller than the experimental ones. Previous studies available in the literature and
experimental observations of the delaminated films suggest that plasticity may be the
key source of this inconsistency. Therefore, we propose in this chapter a continuum-
level implicit finite element model to simulate the dynamic delamination of the thin
film off the SAM-enhanced silicon substrate considering the effect of plasticity and
large deformations. We find that depending on the different SAM functionalizations,
the amount of dissipated energy during the delamination event can account for up
to 3 ∼ 7 times the amount of fracture energy. The simulation results are compared
with experimental observations of energy dissipation and crack propagation length.
This chapter is organized as follows: In Section 4.1, a brief overview and analysis
of the delamination test is provided. In Section 4.2, we discuss the formulation of
a beam model that includes the effects of nonlinear kinematics and plasticity. In
Section 4.3, we focus on the finite element implementation of the nonlinear beam
model. In Section 4.4, results from the simulations on the 100% MUTMS case are
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discussed and compared with experiments. In Section 4.5, the analysis is extended
to interfaces enhanced with different relative amount of DTES/MUTMS. In Section
4.6, a parametric study is conducted to provide additional insight on the dynamic
delamination failure.
4.1 Delamination tests on SAM-enhanced silicon
substrates
Figure 4.1: Delamination of a 150nm-thick Au film on a 100% MUTMS-enhanced
silicon substrate. Scale bar is 250µm. (Courtesy of Jaeuk Sung)
Recently, the interfacial fracture energy of transfer-printed gold films on sili-
con substrates was investigated by Jaeuk Sung to study how SAMs with different
end-groups can be used to tailor interfacial mechanical properties. The set up of
the laser-induced delamination experiments conducted in that study was described
earlier in Fig. 1.2. As indicated there, the weak adhesion layer which creates the
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pre-crack under the effect of the laser-induced stress pulse is made with a 100%
DTES nanolayer. The strong adhesion layers along which the delamination crack
propagates are composed of different mixtures of DTES and MUTMS. Fig. 1.2(b)
describes the geometry, materials, and different mixtures of terminal groups used in
the experiments. The pulse laser is then aligned to the edge of the gold film over
the weak adhesion layer. When the laser-induced interface stress exceeds the inter-
facial strength of the weak adhesion layer, a debonded pre-crack is created along
the film/substrate interface and the delamination process is initiated. As the crack
propagates along the interface, the kinetic energy trapped in the weak adhesion layer
is transformed into fracture energy. As the kinetic energy is no longer sufficient to
drive the crack, the crack gradually stops. A representative final delaminated profile
of the gold film is shown in Fig. 4.1.
To compute the initial kinetic energy trapped in the weak adhesion layer that
drives the delamination event, we perform a 1D analysis of the wave propagation in
the thin film/substrate system. The amplitude and profile of the stress wave that
arrives at the back of the substrate have been extracted previously from interfero-
metric measurements of the motion of the free surface and are shown in Fig. 4.2(a).
This profile, together with the specimen geometry (with a substrate thickness of
500µm and a film thickness of 150nm) and material properties (Table 4.1), provide
the necessary input for the wave propagation simulation. The time step adopted in
the 1D simulation is 6.5× 10−5ns, while 5000 and 150 2-node elements are used for
the discretization of the substrate and the thin film, respectively. The compressive
wave propagates through the substrate and the film, reaches the free surface of the
film, reflects as a tensile wave and loads the interface in tension. Fig. 4.2(b) shows
the resulting evolution of the interfacial stress. The delamination event initiates
when the interface stress exceeds the spallation strength of the weak adhesion layer
estimated from previous measurements at 45MPa. Fig.4.3 presents the evolution
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Figure 4.2: (a) Susbstrate stress profile used as the input for the 1D elastodynamic
model of wave propagation in the weak adhesion layer as a precursor to the dynamic
delamination event. (b) Resulting evolution of the interface stress for a 150nm-thick
Au film transfer-printed on a 500µm-thick silicon substrate.
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of the kinetic energy per unit area stored in the weak adhesion layer as a function
of the interface stress. As indicated in that figure, a kinetic energy of 3.63J/m2 is
stored in the weak adhesion layer at the time of its spallation failure. This value is
then used in Equation 1.1 together with the initial and final values of the debond
length to evaluate the apparent fracture toughness of the interface.
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Figure 4.3: Envelope of the kinetic energy stored in the weak adhesion layer as a
function of the interface stress. The arrow points to the kinetic energy stored in
the film at the onset of delamination when the interface stress reaches the spallation
strength (45MPa) of the 100% DTES-enhanced film-substrate interface.
Fig. 4.4 presents the dependence of the experimentally measured fracture energy
of SAM-enhanced interfaces on the relative amount of MUTMS. As indicated there,
the facture energy of 100% MUTMS-enhanced interface was measured to be 3.59±
0.45J/m2, while the work of separation of the same interface obtained from MD
simulation was approximately 0.6J/m2. The value obtained from MD simulations
is thus about 6 times smaller than that obtained experimentally. In the remainder
of this chapter, we investigate whether plastic deformations experienced by the film
during the dynamic delamination event can account for this gap in fracture toughness
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values.
Figure 4.4: Experimentally obtained fracture energy of SAM-enhanced interfaces
with different relative amounts of MUTMS. (Courtesy of Jaeuk Sung)
4.2 Formulation
Previous simulations of laser-induced edge delamination based on a hybrid spec-
tral/FE scheme [26] have shown that very little kinetic energy trapped in the weak
adhesion layer is leaked into the substrate during the delamination process. Ex-
periments have pointed out that the film undergoes large deformation and rotation
during the dynamic delamination event. To incorporate these observations while
speeding up the simulations to capture the entire delamination event in conditions
similar to those of the experiments, we use a non-linear elasto-plastic finite element
scheme based on the classic von Karman beam model (Fig 4.5) as the representation
of the film on a rigid substrate and use a cohesive model to capture the initiation
and propagation of the delamination. This work is inspired by [62] and [63], and
builds on a similar model used by Tran et al. [3] in their nonlinear elastic simulations
of the dynamic delamination event.
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Figure 4.5: Schematic of the finite element representation of the thin film on a rigid
substrate. The large deformations and rotations are captured by the non-linear beam
element formulation, while cohesive elements are introduced along the interface to
model the interfaction between the film and the substrate. Taken from [3].
In the von Karman beam model adopted in this work, the axial strain is expressed
as
εx =
∂u
∂x
+
1
2
(
∂w
∂x
)
2
− y∂
2w
∂2x
, (4.1)
where u and w represent the displacement in the axial and vertical directions of a
point on the neutral axis of the beam. The first two terms represent the elongation of
the film along its neutral axis while the last term represents the contribution of the
curvature. Therefore, the displacement of the film is a superposition of the stretching
of the neutral axis and bending component in the thickness direction.
The next aspect of the formulation is the modeling of the elasto-plastic response
of the film. The dynamic constitutive response of gold films is affected by many
factors such as the temperature, moisture, film thickness, grain size, and strain rate.
Strain softening has been noted in the low strain rate range, while strain hardening
and increase of ultimate strain have been observed when the strain rate exceeds 101/s
on thin gold films [64][65]. The dynamic mechanical properties of gold at high strain
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rates are not reported in the literature. However, similar ‘soft metals’ have shown
effects of strain hardening when the strain rate exceeds 102/s [66][67]. As shown later
in this chapter (see Fig. 4.7), typical strain rate values experienced by the film during
the delamination event are of the order of 105/s. Since the constitutive properties
of gold are unkown in this strain rate regime, we calibrate the dynamic properties
of gold from the outcome of one delamination event (associated with the strongest
interface case) and then validate the model based on the other delamination cases.
We assume a bilinear hardening of material constitutive relation to capture the
elasto-plastic deformations in the thin film:
σx =
 Eεx, εx ≤ εyieldEεyield +RE(εx − εyield), εx > εyield (4.2)
where εyield denotes the yield strain, E =
E
1− ν2 , and R(≤ 1) represents the tangent
modulus ratio of the hardening law. The elastic properties (Young’s modulus E and
Poisson’s ratio ν) and the density value for gold are listed in Table 4.1.
Upon unloading, the constitutive response takes the form
σx =
 Eεx, εmax ≤ εyieldEεyield +RE(εmax − εyield)− E(εmax − εx), εmax > εyield (4.3)
where εmax is the maximum strain reached previously during the loading/reloading
process.
The cohesive law used to model the interaction between the thin film and the
substrate is based on the exponential relation proposed by Ortiz and Pandolfi [68]
for which the displacement jump is expressed as
δ =
√
β2δ2s + δ
2
n, δn = δ ·N , δs = |δ − δn ·N |, (4.4)
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where N , δ, δ, δn, δs, β ∈ [0, 1] respectively denote the unit normal vector, the
displacement jump vector, the effective displacement jump, the normal displacement
jump, the sliding displacement jump, and the mode mixity factor. The associated
cohesive traction vector t is defined by
t =
t
δ
δ, t = σc
δ
δc
exp (1− δ
δc
), δ = [β2δ + (1− β2)δn ·N ], (4.5)
where σc and δc are the critical effective traction and separation, respectively. The
value of β is set to 1 in the simulation to account for the tangential displacement
jump as the interface seperates. The interfacial fracture energy per unit area can be
calculated as the area under the cohesive traction-separation curve:
Gc =
∫ ∞
0
tdδ = eσcδc, (4.6)
where e = exp(1). For the values of the strength σc and fracture energy Gc of the
SAM-enhanced interface, we adopt the experimentally obtained spallation strength
σc = 200MPa [1], and the MD-computed adhesion energy Gc = 0.6J/m
2 [2] for the
100% MUTMS-enhanced Au film/Si substrate interface. The effective critical separa-
tion can be calculated from equation 4.6 to be δc = 1.1nm. For functionalized inter-
faces composed of both DTES (for which σc = 45MPa,Gc = 0.3J/m
2) and MUTMS,
we adopt a rule of mixture based on their relative amount to compute the effective
spallation strength and adhesion energy. For example, in the 75% MUTMS/25%
DTES case, the values are calculated to be σc = 0.75×200+0.25×45 = 161.25MPa,
and Gc = 0.75 × 0.6 + 0.25 × 0.3 = 0.525J/m2. Table 4.2 summarizes the cohesive
parameters used in the simulations.
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Au Si
Young’s modulus, E (GPa) 79 105
Poisson’s ratio, ν 0.44 0.3
Density, ρ (kg/m3) 19320 2300
Longitudinal wave speed (m/s) - 7910
Shear wave speed (m/s) - 4200
Table 4.1: Material properties of the gold film and the silicon substrate.
MUTMS ratio 100% 75% 50% 25%
Critical traction, σc (MPa) 200 161.25 122.5 83.75
Critical separation, δc (nm) 1.1 1.2 1.35 1.65
Adhesion energy, Gc (J/m
2) 0.6 0.525 0.45 0.375
Table 4.2: Cohesive parameters used to model the delamination failure of adhesion
layers made with different relative amount of MUTMS.
4.3 Dynamic delamination implementation
A co-rotational [69] formulation is used for the beam elements to account for the large
displacements and rotations of the film during the delamination event. Three de-
grees of freedom are associated with each node: axial, transverse displacements and
rotation. Linear interpolation is used for the axial displacement, while classical her-
mitian (cubic) interpolation is applied to compute the transverse displacement and
rotation. Cohesive elements are introduced between the film and the rigid substrate
to capture the interfacial interactions.
As shown in Fig. 4.1, the film tends to fold onto itself during the delamination
event. To capture the contact between the folded, debonded portion of the film and
the portion still attached to the substrate, we adopt a linear contact penalty/adhesion
model in which a force Fc is applied to the nodes located along the debonded portion
of the film once they get in contact with the part of the film that is still attached to
the substrate. In this simple linear model, the force is given by
Fc = −Kc ·D, (4.7)
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where Kc represents the penalty parameter with a unit of N/m
3, and D denotes
the penetration distance (when negative) or separation distance (when positive).
An adhesion force is introduced to address the unphysical ’bounce-back’ response
of the film following the enforcement of the frictionless penalty contact model. It
should be noted that, since the contact between the debonded and un-debonded
portions of the film is assumed to be frictionless, we do not take into account the
gold-gold interaction in the horizontal direction. As shown in the result section of
this chapter, our simulations indicate that the impact of Kc on the evolution of the
energy components is small. Therefore, the value of Kc is selected to be 5×1011N/m3
to achieve minimal overlap between the debonded and undebonded portions of the
film while ensuring convergence of the numerical solution.
The equation of motion of the finite element model can be written as
M
∂2D
∂t2
+Rin(D) = Rco(D), (4.8)
where M , D, Rin, Rco respectively represent the mass matrix, nodal displacement
vector, internal force, and cohesive force vector. The equation is solved using a
predictor-corrector Newmark time scheme [70] and an adaptive Newton-Raphson
method. The initial velocity of the weak adhesion layer is given by
V0 =
√
2K
ρgoldH
, (4.9)
where K, ρgold, H are the kinetic energy per unit area trapped in the weak adhesion
layer, the density of the Au film, and its thickness, respectively.
To speed up the simulations, we adopt the spatial adaptivity strategy first intro-
duced by Tran et al. [3] in which elements located in the vicinity of the advancing
crack front are initially inactive and only activitated when in the vicinity of the ad-
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Figure 4.6: Snapshots of the deformed profile of a 150nm-thick Au film on a silicon
substrate enhanced with 100% MUTMS during the delamination event, obtained
with R = 0.1 and yield = 0.015.
vancing crack front. We also use a time-step adaptivity scheme that allows us to
transition from a very small time step size in the early stage of the failure event to
a larger time step size as the crack front progressively slows down, and eventually to
a small time step again during the contact event when the debonded film folds onto
itself. The time step size is adapted based on the number of iterations needed to
achieve convergence of the Newton-Raphson algorithm. Typical time step sizes range
from 1ns to 5ns, and the size of the activated elements is set at 1µm, which guar-
antees a sufficient discretization (typically with 10 elements) of the cohesive failure
zone.
4.4 Model calibration
As indicated earlier, the yield strain and the hardening response of gold are strain rate
dependent. For example, the yield strain of gold has been shown in [64][71] to increase
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Figure 4.7: Maximum strain rates experienced by the thin film during the delami-
nation process. The green and red points represent the maximum tensile and com-
pressive strains.
by 150% when the strain rate increases from 10−5/s to 101/s at room temperature.
However, as also indicated earlier, no experimental data is available in the literature
on the constitutive response of gold under the high strain rates (104/s to 105/s)
involved in the laser-induced delamination event (see next section). Therefore, since
the values of εyield and R of the gold film are not kown a priori, we calibrate these
two values by comparing the numerical and experimental results for the final crack
length size and the apparent fracture toughness in the strongest interface case (i.e.,
100% MUTMS). The predicted apparent fracture toughness is obtained by summing
the final values of the plastic energy dissipation Ep and released fracture energy Ef ,
where the fracture energy is obtained as the product of the MD-predicted fracture
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toughness Gc and the debonded area of the film. In the remainder of this document,
the ratio
Ep
Ef
is referred to as the plastic energy dissipation ratio.
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Figure 4.8: Crack tip location (a) and speed (b) during the dynamic delamination
event shown in Fig. 4.6.
62
The other parameters defining the computational model are taken directly from
the experiments (Fig. 1.2(b)). The Au film is 150nm thick and 13mm long, with
a 500µm-long weak adhesion layer. The mode mixity parameter β entering the
cohesive relation (equation 4.4) is set at 1. The film is subjected to a 10ns pulse
loading which produces a substrate stress pulse similar to that shown in Fig. 4.2(a).
Upon reaching the top surface of the film, the pulse is reflected as a tensile wave,
load the interface in tension (Fig. 4.2(b)) and spalls the weak adhesion layer of the
interface. The amount of kinetic energy trapped in the weak adhesion layer of the
film at the time of spallation is found to be 3.63J/m2. Using equation 4.9, this
kinetic energy is converted to an initial velocity V0 = 50m/s of the weak adhesion
layer. As described in Table 4.2, the cohesive parameters are set at σc = 200MPa
and δc = 1.1nm, which corresponds to a fracture toughness of 0.6J/m
2
Figure 4.6 presents the evolution of the predicted shape of the film during the
dynamic delamination event, showing the ability of the nonlinear, transient finite
element solver to capture the large deflections and rotations of the debonded portion
of the film and its folding on the still bonded portion of the film. During the first
9µs, the deformation of the film is mainly associated with the axial displacement
due to uniform vertical motion of the pre-crack region. Then from 10µs onward,
the crack starts to propagate and the delaminated part of the film folds onto the
substrate due to the small bending stiffness of the thin Au film. After approximately
25µs, the debonded portion of the film comes into contact with the undebonded
portion. During the contact portion of the delamination event, the crack continues
to propagate until approximately 65µs at which point the kinetic energy of the front
is depleted and the crack reaches its final length.
To further emphasize the dynamic nature of the laser-induced delamination, the
maximum strain rates experienced by the thin film during the transient failure event
is shown in Fig. 4.7. Starting from a lower value, the maximum strain rate increases
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Figure 4.9: The evolution of energy components during the delamination of a 150nm-
thick Au film on a silicon substrate enhanced with 100% MUTMS. The initial velocity
of the weak adhesion layer is V0 = 50m/s. εyield = 0.015, R = 0.1 are used for the
dynamic constitutive response of the gold film.
rapidly as the crack starts to propagate, reaches a peak when the debonded and
undebonded portions of the film come into contact, and then gradually decreases as
the crack slows down.
The delamination event can be further described by analyzing the evolution of
the crack tip location and propagation speed as shown in Fig. 4.8. At the onset of
weak adhesion layer spallation, the crack front starts with a low speed and jumps to
its peak of 15m/s within 20µs. It then slows down as the debonded portion of the
film folds and comes to contact with the undebonded portion after 25µs. Between
30µs ∼ 50µs, the crack propagates at a relatively constant speed of 7 to 8 m/s. After
50µs, the crack front progressively slows down and eventually stops after advancing
about 500µm.
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Figure 4.10: Plastic energy dissipation ratio (a) and crack propagation length (b)
obtained for different values of the contact penalty constant Kc used in the contact
model (equation 4.7).
The evolution of various energy components during the delamination event is
presented in Fig. 4.9 showing the progressive conversion of the kinetic energy Ek
into fracture (Ef ), plastic (Ep) and strain (Es) energy components. The fracture
energy and plastic dissipation monotonically increase during the delamination event,
while the strain energy remains less than 10% of the total energy. Between 35µs
and 50µs, the kinetic and strain energy components undergo small fluctuations due
to oscillations associated with the penalty-based enforcement of the contact between
the folded debonded portion of the film and the portion still attached to the sub-
strate (Fig. 4.6). After approximately 70µs, the available kinetic energy is no longer
sufficient to drive the crack and the crack propagation ceases. As apparent in this
plot, the plastic contribution to the apparent fracture toughness is quite substantial,
with the final value of the plastic energy dissipation ratio Ep/Ef equal to 4.9.
Before proceeding with the calibration study, we present in Fig.4.10 the effect
of the contact penalty constants Kc entering equation 4.7 on the plastic dissipation
ratio (Fig.4.10 (a)) and crack propagation length (Fig.4.10 (b)). As indicated earlier,
this effect is relatively minor, and the variation remains small (≤ 5% ) for a wide
range of Kc values spanning multiple decades. The value of 5 × 1011N/m3 was
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Figure 4.11: Plastic energy dissipation ratios (a) and crack propagation lengths
(b) using different εyield and R values for the delamination on a 100% MUTMS-
enhanced substrate. The dashed lines represent results obtained from experimental
observations.
66
selected because it provided good convergence properties for the numerical solution
and achieved minimal overlap between the debonded and undebonded portions of
the film.
Figures 4.11 presents the dependence of the plastic energy dissipation ratio (Fig.
(a)) and the crack propagation length (Fig. (b)) on the two parameters (εyield and
R) defining the plastic response of the gold film. As the value of εyield or R in-
creases, less plastic energy is dissipated during the delamination event and the crack
propagates farther. The region between the dashed horizontal lines represents the
range of experimental results. Agreement can be obtained between experimental
and numerical results for both the plastic dissipation ratio and the crack prop-
agation length for the following combinations of material properties (yield, R) =
(0.015, 0.1); (0.012, 0.2); (0.01, 0.3). Based on the limited experimental results avail-
able in the literature on the dynamic elasto-plastic response of gold [64][71], we adopt
the following values: (yield, R) = (0.015, 0.1).
4.5 Effect of SAM on delamination
Figures 4.12 presents the dependence of the plastic energy dissipation ratio (Fig. 4.12(a))
and crack propagation length (Fig. 4.12(b)) for four values of the MUTMS ratio:
0.25 (25% MUTMS and 75% DTES), 0.5 (50% MUTMS and 50% DTES), 0.75 (75%
MUTMS and 25% DTES) and 1 (100% MUTMS and 0% DTES). As apparent there,
the numerical predictions corresponding to εyield = 0.015 and R = 0.1 best capture
the experimental results for all the delamination cases.
We then analyze the influence of plasticity by examing the evolution of the plastic
energy dissipation ratio and crack propagation length for the four delamination cases.
As shown in Fig. 4.13(a), an increase in the relative amount of MUTMS leads to
more dissipated plastic energy and and a shorter crack propagation. To explain
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Figure 4.12: Plastic energy dissipation ratios (a) and crack propagation lengths (b)
of gold film delaminations on substrates enhanced with different relative amount of
MUTMS. Three sets of εyield and R values are used to compare against the results
achieved from experimental observations (dashed lines).
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Figure 4.13: Evolution of the plastic energy dissipation ratio (a) and crack tip loca-
tion (b) for delamination events associated with four relative amount of MUTMS.
this result, we note that plastic dissipation occurs mainly in the vicinity of the
propagating delamination front. For an interface with higher fracture toughness, the
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film adopts a larger curvature near the crack tip, thereby leading to more plastic
deformation near the debonding zone. The computed dependence of the plastic
dissipation and crack propagation length on the relative amount of MUTMS yields
a trend similar to that obtained experimentally (Fig. 4.4). The weaker the interface,
the longer the delamination length and the duration of the delamination event. Table
4.3 summarizes the final values of the crack length, apparent fracture energy, and
plastic dissipation ratio measured from experiments and simulations for different
relative amount of DTES/MUTMS.
MUTMS
Methods
Crack Apparent fracture Plastic dissipation
ratio length (µm) toughness (J/m2) ratio
100%
Experiment 1017± 78 3.59± 0.45 -
Simulation 980 3.78 3.8
75%
Experiment 1068± 68 3.24± 0.31 -
Simulation 1111 2.97 4.2
50%
Experiment 1265± 99 2.41± 0.35 -
Simulation 1235 2.47 4.49
25%
Experiment 1492± 128 1.86± 0.24 -
Simulation 1473 1.86 4.8
Table 4.3: Delamination results from experiments and simulations.
4.6 Parametric studies
4.6.1 Effect of the initial velocity V0
The velocity V0 of the weak adhesion layer of the thin film at the onset the delami-
nation provides the initial condition for the delamination simulation. To assess how
the value of V0 affects the delamination event, we perform a parametric study based
on the previously adopted values of the thin film properties and interfacial cohesive
parameters.
The dependence of the plastic dissipation ratio and the extent of delamination on
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Figure 4.14: Dependence of the plastic energy dissipation ratio (a) and crack tip
location (b) on the initial velocity V0 of the weak adhesion layer for the case of a
150nm-thick Au film transfer-printed on a 100% MUTMS-enhanced silicon substrate.
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Figure 4.15: Deformed profiles of a 150nm-thick thin film off a silicon substrate
enhanced with 100% MUTMS obtained for four values of the initial velocity V0 at a
crack length of 600µm.
V0 is presented in Fig. 4.14(a) and (b), respectively. As the initial velocity increases
from 45m/s to 60m/s, the final value of
Ep
Ef
decreases from about 5.0 to 4.3 and the
final crack length increases from 900µm to 1300µm.
The somewhat counter-intuitive
Ep
Ef
vs. V0 results can be explained by comparing
the deformed profiles of the film. Fig. 4.15 shows the deformed profile of the film for
three values of V0 at a crack length of 600µm. As apparent there, the film with a
smaller initial velocity (V0 = 45m/s) adopts a larger curvature near the crack front,
thereby introducing a larger strain and thus more plastic dissipation.
4.6.2 Effect of film thickness
The film thickness also plays an important role on the dynamic delamination process.
Figure 4.16 (a) shows the evolution of the plastic energy dissipation ratio for thin
films with different thickness values for an initial velocity V0 = 50m/s applied along
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Figure 4.16: Plastic energy dissipation ratios (a) and crack tip locations (b) for
different thin film thickness values, obtained for V0 = 50m/s and a 100% MUTMS-
enhanced silicon substrate.
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the weak adhesion layer. In particular, we note a decrease in
Ep
Ef
with increasing film
thickness due to the corresponding increase in bending stiffness. The effect of the
film thickness on the extent of crack propagation is also shown in Fig.4.16 (b). As
the thickness of the film increases, the associated increase in the amount of kinetic
energy available to drive the delamination event leads to longer crack lengths.
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Chapter 5
Concluding remarks and future
work
5.1 Dissertation summary and contributions
The primary focus of this research project has been on the application of SAMs in
the molecular tailoring of film/substrate interfaces, with emphasis on the mechanical
properties of SAM-enhanced film/substrate interfaces. This project has sought to
elucidate the complex relationships between the molecular scale surface functionaliza-
tion, the mesoscale surface characterization, and the macroscale interfacial adhesion
and fracture properties for selected SAMs. We have modeled through multiscale
numerical analysis the effects of interface roughness and thin film plasticity on the
interfacial strength and toughness of SAM-enhanced thin film/substrate systems.
In Chapter 2, we employed a two-step continuum approach to evaluate the effect
of roughness. The analysis was based on approximating the film as a deformable
continuum interacting with a rough substrate of SAM represented by a harmonic
function. Firstly, the initial profile of the gold film after transfer printed on the
rough substrate was analyzed using a cohesive relation derived from MD simulations.
Abrupt transitions of the deformed film profiles and the bending energy stored in
the film were observed for surfaces with high roughness. Secondly, the initial profile
obtained in the first step was used to assess the effective cohesive response associated
with the spallation of the gold film. We found that the initial profile of the thin film
and associated effective cohesive strength of the interface are governed by two non-
dimensional parameters which reflect the material properties of the film, the cohesive
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properties of the interface and the substrate roughness amplitude and wavelength.
Our analysis has shown that incorporating roughness may reduce the interfacial
cohesive strength by an order of magnitude depending on the film properties and the
surface roughness.
In Chapter 3, we modeled the film as a 2D deformable medium while the rough
SAM-enhanced substrate was described using 2D harmonic functions. As in Chapter
2, the cohesive interaction between the SAM and transfer-printed film was described
by the relation extracted from MD. A two-step continuum approach similar to that
adopted in Chapter 2 was used to link the cohesive failure properties extracted
from MD for a perfectly flat interface to the effective cohesive strength of rough
SAM-enhanced interfaces. The deformation and rigid spallation of the film were
fully described by three non-dimensional parameters: β, η, and ξ. The analysis
performed with the idealized surface roughness model showed the reduction of the
spallation strength could be 3 ∼ 10 times for typical thin film/substrate systems,
which demonstrated the decrease in spallation strength induced by surface roughness
but did not completely capture the 30 times gap between MD and experiments. We
then extended our studies to real surface profiles obtained from experiments, and
showed that the reduction in spallation strength can be even more substantial in
some situations. We introduced a new indicator, the surface bearing distance, to
better correlate the effective interfacial cohesive strength to the roughness profile of
the substrate. It is likely, however, that other indicators will be needed to further
improve the correlation between effective cohesive strength values and roughness
profiles, especially for compliant films for which the surface bearing distance only
provides a partial picture of the failure event. For example, one might consider
metrics that also include the spacing between the peaks, the relative height difference
between peaks and adjacent regions, etc.
In Chapter 4, we focused on another failure property of SAM-enhanced inter-
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faces, the fracture toughness, i.e., the energy required to delaminate a unit area of
interface. We employed a continuum-level implicit finite element model to simulate
the thin film delamination off the SAM-enhanced silicon substrate considering the
effect of both plasticity and large deformations. The analysis was based on a Von
Karman nonlinear beam representation of the film on a rigid substrate, with cohesive
elements introduced to capture the interaction across the interface. Spatial and tem-
poral adaptive strategies were implemented to speed up the simulations and allow
the model to capture the entire delamination event. A simple linear penalty method
was applied to describe the contact between the debonded and undebonded portions
of the thin film. The dynamic properties of the gold film under high strain rates
were calibrated through the simulation of the delamination of the 100% MUTMS
case. The computational model was then validated against experimental values of
plastic dissipation and crack propagation length associated with the dynamic delam-
ination of the other SAM-enhanced interfaces. We found that the dissipated energy
associated with plastic deformation in the film during the delamination event may
account for 3 ∼ 7 times the released fracture energy. The numerically extracted ap-
parent fracture energies of SAMs with different relative amount of DTES/MUTMS
considering the plastic dissipation are consistent with the fracture energy obtained
from experiments. A parametric study was then conducted to quantify the effects of
the film thickness and the initial velocity of the weak adhesion layer on the amount
of plastic dissipation and crack advancement.
A key contribution of this thesis is the development of a multi-scale MD-to-
continuum simulation technique to understand the effect of the nanoscale surface
morphologies of SAM-functionalized interfaces on their macroscale spallation strength.
The developed framework combines the details of MD simulations and real surface
profiles to predict interface strengths. The framework serves as a complement to the
laser-induced spallation tests and helps to quantify its uncertainties. By utilizing
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classic beam and plate models as a description of the thin film, the computational
cost is kept relatively small. This aspect of the thesis work has been summarized
in two papers published in Applied Surface Science [53] and International Journal
of Fracture [54]. Another key contribution of this research project is the devel-
opment of an implicit code based on a non-linear beam model that simulates the
laser-induced dynamic delamination event considering the effects of both nonlinear
kinematics and plasticity. The simulation code is written in C/C++ in an object-
oriented approach. It is applicable to incorporate other physical behavior during the
thin film delamination. The numerical simulations have pointed out that the amount
of dissipated plastic energy during the delamination event is significant. Overall, the
computational methodology presented in this thesis allows the analyst to investigate
the complex relationships between the surface functionalization and the material at-
tributes associated with the spallation and delamination properties of SAM-enhanced
interfaces.
5.2 Future work
Additional efforts can be introduced to the multi-scale method described in this the-
sis to characterize the spallation and delamination response of SAM-functionalized
interfaces. These efforts could include the incorporation of the nano-scale disor-
der of SAMs formation, the effects of roughness on the frictional behavior of SAM-
functionalized surfaces, other characterizations of the surface roughness, the incorpo-
ration of residual stresses and local variations in the energy release caused by surface
roughness in the delamination event, and complete capture of the contact and fric-
tional sliding of the debonded thin film. The next paragraphs discuss the reasoning
behind these potential aspects of investigation and provide possible directions.
In the current analysis for the effects of surface roughness on the spallation
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strength of SAM-enhanced interfaces, we take the assumption that the SAM molecules
are dispersed on the substrate in a uniform fashion. This guarantees that the inter-
action between SAMs and the gold film are only affected by their mutual distance.
There is, however, evidence that nano-scale asperities play a role in the formation
and molecular conformation of SAMs, making them not as well structured as on flat
surfaces [72][73][74]. This issue requires further studies to characterize the disorder
of the SAM layer due to the surface asperities and incorporate this disorder in the
cohesive relation between SAM-enhanced substrates and the thin film.
In Chapter 2 and 3, we studied the normal (tensile) interaction between the
thin film and the SAM-enhanced substrate. The relation between surface roughness
and friction was also investigated in other material systems [75][76]. The friction
was found to depend on surface roughness with the rougher surfaces yielding higher
friction coefficients [77][78][79]. Therefore, it would also be interesting to investigate
the effects of surface roughness on the frictional behavior of SAM-functionalized
interfaces.
To characterize the effect of surface roughness on the spallation response of the
SAM-enhanced interface, we considered both idealized (harmonic) models of the
surface and actual surface profiles. Further efforts can be made to correlate the am-
plitudes and wavelengths of actual surface profiles to the effective cohesive strength.
Exploratory efforts have been made to use Fourier transform to extract the different
wavelengths, investigate their impacts on the spallation strength and extract an ef-
fective strength of the interface. One of the key problems consists in reconciling the
linear superposition of the modes and the nonlinear deformation response of the film.
Other representations of surface roughness including fractal and gaussian distribu-
tions have been used for other forms of natural surface roughness [80][81]. These
representations could be adopted to explore other forms of surface representation for
SAM-functionalized material systems.
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In Chapter 4, the thin film/substrate interface were taken to be flat for simplifi-
cation, and residual stress and localized behaviors were not considered. However, as
described in [82][83], residual stresses and surface roughness effects are highly corre-
lated. If the delamination is accompanied by the relaxation of residual stresses in the
thin film caused by surface roughness, additional energy release needs to be taken
into account, which will effectively reduce the measured interfacial energy. There-
fore, one might consider combining the methodology used in Chapter 2, 3, and 4 to
investigate the residual stresses induced by surface roughness and their effect on the
energy evolution during the delamination event.
Fig. 4.6 has shown that the debonded portion of the film folds onto itself and
comes into contact with the substrate towards the final stages of the delamination
event. In Chapter 4, we used a simplified frictionless penalty contact model which
utilized a ‘virtual’ spring to provide the compressive and attractive force toward the
substrate. In reality, however, the interaction between the debonded and undebonded
gold film dissipates additional energy as frictional sliding occurs. This interaction
could be modeled with the aid of the Lennard-Jones potential of gold-gold [84][85][86].
The potential can be used to study the interaction and sliding once the debonded
gold film folds onto itself and touch the undebonded portion.
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Appendix A
Nonlinear beam model with effects
of plasticity
Figure A.1: Schematic of the loading and boundary conditions of the test cases. A
moment (left)/vertical force (right) is applied at the free end of a 1m-long, 0.01m-
thick cantilever beam.
In this chapter, we present the validation of the beam model discussed in Chapter
4 that includes the effects of nonlinear kinematics and plasticity. In Section A.1, the
material response is assumed to be elastic, and results from two loading conditions
are described. In Section A.2, similar tests are performed with plasticity incorporated
in the material constitutive properties.
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Figure A.2: Energy evolution (a) and horizontal displacement (b), vertical displace-
ment (c) and rotation (d) of the free end of the cantilever beam depicted in Fig. A.1
(left) considering nonlinear kinematics. The exact solutions for the linear elastic
cases are plotted in dashed line.
A.1 Nonlinear elastic beam model
Fig. A.1 depicts the quasi-static loading and boundary conditions of the test cases. A
moment/vertical force is applied at the free end of a 1m-long, 0.01m-thick cantilever
beam, whose length in the width direction is assumed to be 1m. The material
properties are the same as shown in Table 4.1. A total of 100 elements are used in
the simulations with each element having a size ∆x = 0.01m. Fig. A.2 and Fig. A.3
describe the evolution of the energy component and the displacements/rotation at the
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Figure A.3: Energy evolution (a) and horizontal displacement (b), vertical displace-
ment (c) and rotation (d) of the free end of the cantilever beam depicted in Fig. A.1
(right) considering nonlinear kinematics. The exact solutions for the linear elastic
cases are plotted in dashed line.
free end of the cantilever beam with the applied moment and vertical force. The exact
solutions for using a linear elastic constitutive relation are shown for comparison. The
displacements/rotation of the free end of the cantilever beam adopt the same values
as the linear solutions when the applied moment/vertical forces are small. As the
applied load increases, the results deviate from their linear counterparts and start to
exhibit nonlinear behaviors.
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Figure A.4: Energy evolution (a) and horizontal displacement (b), vertical displace-
ment (c) and rotation (d) of the free end of the cantilever beam depicted in Fig. A.1
(left) considering nonlinear kinematics and plasticity effects. The results for the
nonlinear elastic cases are plotted in dashed line.
A.2 Nonlinear plastic beam model
We then proceed with including plasticity in the constitutive relation. εyield =
0.002, R = 0.1 are used for capturing the plastic response of the beam. The ma-
terial properties, element size, loading and boundary conditions are the same as in
Section A.1. The evolution of resulting energy components and the free end dis-
placements/rotation of the cantilever beam are shown in Fig. A.4 and Fig. A.5.
Agreements can be obtained for the free end displacements/rotation between the
plastic and elastic solutions when the applied loads are small. The trend of displace-
ments/rotation experienced by the free end of the cantilever beam, together with
the energy evolution, validate the correctness of our beam model that includes the
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Figure A.5: Energy evolution (a) and horizontal displacement (b), vertical displace-
ment (c) and rotation (d) of the free end of the cantilever beam depicted in Fig. A.1
(right) considering nonlinear kinematics and plasticity effects. The results for the
nonlinear elastic cases are plotted in dashed line.
effects of nonlinear kinematics and plasticity.
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